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Transcription factors belonging to the forkhead box gene, group O (FOXOs) family have been found to be
crucial in downstream suppression of life-shortening effects of the insulin/insulin-like growth factor-1 (IGF-1)
signaling pathway, which accelerates aging by suppressing FOXOs. Thus, FOXOs could hold the key for
counteracting aging. Although FOXOs may play a critical role in aging, the effects of FOXOs on UV-induced
changes of collagen metabolism by dermal fibroblasts are unknown. In this study, UV-induced changes in
FOXO1a expression and the roles of FOXO1a in the regulation of collagen synthesis and matrix
metalloproteinase (MMPs) expression in human dermal fibroblasts were investigated. In UVA- or UVB-
irradiated fibroblasts, the expression of FOXO1A mRNA decreased significantly. The expression of type I
collagen (COLIAI) also decreased. On the other hand, MMP-1 and MMP-2 mRNA levels increased. FOXO1A-
small interfering RNA transfection induced the downregulation of FOXO1A expression, it also induced a
decrease in COLIAI expression, and it increased MMP-1 and MMP-2 expression. These changes are similar to
those observed in UV-irradiated fibroblasts. Furthermore, FOXO1a-peptide induced opposite changes in
COLIAI, MMP-1, and MMP-2 expression. Therefore, FOXO1a is involved in the UV-induced changes of type I
collagen and MMPs expression.
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INTRODUCTION
Recently, insulin/insulin-like growth factor-1 (IGF-1) signal-
ing has been reported to control life span and senescence in
many organisms, such as nematodes, fruit flies, and mammals
(Longo and Finch, 2003). Specifically, insulin/IGF-1 binding
to a specific receptor on the cell surface activates phospha-
tidylinositol-3 kinase, followed by protein kinase B activa-
tion, which phosphorylates the forkhead box gene, group O
(FOXOs) family of forkhead transcription factors (Brunet
et al., 1999). Phosphorylated FOXOs translocate into the
cytoplasm, where they are degraded in the ubiquitin–protea-
some pathway (Matsuzaki et al., 2003; van der Heide et al.,
2004). By stimulating transcription of various target genes,
FOXOs contribute to the regulation of cell growth, differ-
entiation, and metabolism (Carlsson and Mahlapuu, 2003;
Accili and Arden, 2004). Therefore, the suppression of
FOXOs by insulin/IGF-1 signaling is thought to accelerate
aging. In fact, the anti-aging hormone, Klotho, which extends
life span when overexpressed in mice, is reported to inhibit
insulin/IGF-1 signaling and to activate the FOXOs (Kurosu
et al., 2005). Thus, FOXOs is thought to hold a key for
counteracting aging.
Solar UV radiation damages human skin and causes
premature skin aging, termed photoaging (Gilchrest and Yaar,
1992). UV radiation decreases collagen synthesis and
increases the expression of matrix metalloproteinases (MMPs)
in dermal fibroblasts (Fisher et al., 1996, 2000). Thus, less
synthesis of collagen and increased degradation by MMPs
would result in collagen deficiency in photoaged skin.
Although FOXOs may play a critical role in aging, the effects
of FOXOs on UV-induced changes in collagen metabolism
by dermal fibroblasts are unknown. In this study, UV-induced
changes in FOXO1a expression and the roles of FOXO1a in
regulating collagen synthesis and MMPs expression in human
dermal fibroblasts (HDF) were investigated.
RESULTS AND DISCUSSION
Effects of UV irradiation on FOXO1A, COLIAI, MMP-1, and
MMP-2 expression were examined. In UVA- or UVB-
irradiated fibroblasts, the expression of FOXO1A mRNA
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decreased significantly within 3 hours after UV irradiation.
The expression of COLIAI also decreased significantly. On
the other hand, MMP-1 and MMP-2 mRNA levels increased
(Table 1). UV irradiation induced a decrease in FOXO1A
expression along with changes in COLIAI and MMPs
expression in dermal fibroblasts. Therefore, we conclude
that FOXO1a influences COLIAI and MMPs expression. To
study the effects of FOXO1a on COLIAI and MMPs
expression, RNA interference was performed. FOXO1a-small
interfering RNA (siRNA) transfection caused a significant
reduction in FOXO1A expression in HDF (data not shown).
This downregulation led to a decrease in COLIAI expression
and increases in MMP-1 and MMP-2 expression (Table 2).
This was similar to that observed in UV-irradiated fibroblasts.
After this, the effect of FOXO1a-peptide on COLIAI and
MMPs expression was examined. By contrast, the addition of
FOXO1a-peptide induced an increase in COLIAI expression
and decreases in MMP-1 and MMP-2 expression (Table 2).
We concluded that, FOXO1a is involved in UV-induced
changes in COLIAI and MMPs expression in HDF.
The molecular mechanisms that underlie the changes
observed in COLIAI and MMPs expression in FOXO1a
knockdown and FOXO1a-peptide-supplemented fibroblasts
are not known. However, we have speculated with respect to
several possibilities for the mechanisms. It is suggested that
UV irradiation increases activator protein-1 activity, which
induces the transcription of MMPs (Fisher and Voorhees,
1998), but the effect of FOXO1a on activator protein-1
activity is not known. It has been reported that FOXO1 can
interact with estrogen receptors and retinoic acid receptors,
causing transactivation of nuclear receptor-mediated genes
(Schuur et al., 2001; Zhao et al., 2001). Topical 17b-estradiol
increases the expression of type I procollagen and reduces
MMP-1 protein level (Son et al., 2005). In addition, retinoids,
ligands for retinoic acid receptors, are thought to inhibit MMP
production primarily by affecting the levels of activator
protein-1 proteins (Schroen and Brinckerhoff, 1996). On the
basis of these reports, it is speculated that the downregulation
of FOXO1a may induce a decrease in type I procollagen
expression and increases in MMP-1 and MMP-2 expression
through interactions with estrogen receptor and retinoic acid
receptors, which affect the procollagen and MMPs produc-
tion. By contrast, the addition of FOXO1a-peptide may
induce opposing changes. Certainly, further investigation is
required to elucidate the molecular mechanisms.
In conclusion, this study shows that downregulation of
FOXO1a results in a decrease in collagen synthesis and an
increase in MMPs expression in dermal fibroblasts. The
balance between collagen synthesis and degradation leads to
collagen deficiency, which may be responsible, at least in
part, for the wrinkled quality of photoaged skin. On the other
hand, the addition of FOXO1a-peptide results in opposing
changes. Therefore, FOXO1a is thought to play a substantial
role, at least in part, in skin photoaging, and control of
Table 1. Effects of UVA or UVB irradiation on COLIAI,
MMP-1, MMP-2, and FOXO1A mRNA expression in
human dermal fibroblasts
Relative change in mRNA expression
Gene UVA UVB
COLIAI
Control 1.00±0.09 1.00±0.09
Irradiation 0.77±0.10** 0.72±0.05**
MMP-1
Control 1.00±0.14 1.00±0.10
Irradiation 2.10±0.34** 1.57±0.04**
MMP-2
Control 1.00±0.07 1.00±0.19
Irradiation 1.10±0.05 1.78±0.13**
FOXO1a
Control 1.00±0.07 1.00±0.08
Irradiation 0.71±0.13* 0.22±0.01**
*Po0.05 (Student’s t-test).
**Po0.01, (Student’s t-test).
Sham cells and UVA- (10 J cm2) or UVB (30m J cm2)-irradiated cells
were incubated for further 3 hours. COLIAI, MMP-1, MMP-2, and
FOXO1AmRNA levels were determined by real-time reverse transcriptase
PCR and normalized to mRNA levels of the housekeeping gene, GAPDH.
Data are presented as ratio to control and expressed in mean value±SD,
n=3.
Table 2. Effects of FOXO1a-siRNA or FOXO1a-pep-
tide on COLIAI,MMP-1, andMMP-2mRNA expression
in human dermal fibroblasts
Relative change in mRNA expression
Gene FOXO1a-siRNA FOXO1a-peptide
COLIAI
Control 1.00±0.18 1.00±0.14
Treatment 0.72±0.01* 1.24±0.09*
MMP-1
Control 1.00±0.16 1.00±0.06
Treatment 1.55±0.03** 0.85±0.07*
MMP-2
Control 1.00±0.29 1.00±0.02
Treatment 2.03±0.54* 0.88±0.06*
*Po0.05 (Student’s t-test).
**Po0.01, (Student’s t-test).
Sham cells and FOXO1a-siRNA (100 nM)-transfected or FOXO1a-peptide
(1 mgml1)-added cells were incubated for further 24 hours. COLIAI,
MMP-1, and MMP-2 mRNA levels were determined by real-time reverse
transcriptase PCR and were normalized to mRNA levels of the house-
keeping gene, GAPDH. Data are presented as ratio to control and
expressed in mean value±SD, n=3.
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FOXO1a may be a novel approach to prevent the collagen
deficiency observed in photoaged skin.
MATERIALS AND METHODS
Cell culture
Human dermal fibroblasts (HDF) (NB1RGB) obtained from the Riken
Cell Bank (Tsukuba, Ibaraki, Japan) were used in this study. The cells
were incubated in DMEM (Invitrogen Corporation, Grand Island,
NY), and were supplemented with 10% fetal calf serum (Sigma,
St Louis, MO) at 371C in a humidified atmosphere containing 5%
CO2. Fibroblast cultures were subcultured by trypsinization and
used between the fifth and eighth passages.
UV irradiation and treatment by FOXO1a-siRNA or FOX-
O1a-peptide. For UV irradiation, subconfluent cells were changed
with DMEM without fetal calf serum 2hours before the irradiation.
Just before irradiation, the medium was replaced by phosphate-
buffered saline (). The cells were irradiated with UVA (10 J cm2) or
UVB (30mJ cm2) using a solar simulator (XB-25T1W1, Wacom,
Tokyo, Japan) and a health lamp (FL-20SE, Toshiba, Tokyo, Japan),
respectively. The cells were then incubated in DMEM for further
3 hours.
In studies with FOXO1a-siRNA or FOXO1a-peptide, subcon-
fluent cells were changed to DMEM without fetal calf serum. RNA
interference was performed using siGENOME SMARTpool (Dhar-
macon, Chicago, IL). FOXO1a-siRNAs (100 nM) were transfected
into cells by lipofection. Non-target siRNAs were transfected into
control cells. Similarly, FOXO1a-peptides (1mgml1, Abcam,
Tokyo, Japan) were added to the cells. The cells were then incubated
for further 24 hours.
RNA isolation and quantitative real-time reverse transcriptase
PCR
Total RNA was extracted from cultured HDF using TRIZOL Reagent
(Invitrogen Corporation, Tokyo, Japan). mRNA was quantified by
real-time reverse transcriptase PCR using a Super Script III Platinum
SYBR Green Two-step reverse transcriptase PCR Kit (Invitrogen
Corporation) and a 7300 Real-Time PCR System (Applied Biosys-
tems, Tokyo, Japan). Primers for FOXO1a, type I collagen, MMP-1,
and MMP-2 real-time PCR were as follows: FOXO1a sense primer,
50-TCATGGATGGAGATACATTGGATT-30; FOXO1a antisense
primer, 50-CCAGCTATGTGTCGTTGTCTTGA-30. Type I collagen
sense primer, 50-TTCTTGCAGTGGTAGGTGATGTTC-30; Type I
collagen antisense primer, 50-GCTACCCAACTTGCCTT
CATG-30. MMP-1 sense primer, 50-ATTCTACTGATATCGGGG
CTTTGA-30; MMP-1 antisense primer, 50-ATGTCCTTGGGGTA
TCCGTGTAG-30. MMP-2 sense primer, 50-ACTGAGTGGCCG
TGTTTGC-30; MMP-2 antisense primer, 50-CGCTTCTGGCTGG
GTCTGT-30. To compare treatment groups, FOXO1A, COLIAI,
MMP-1, and MMP-2 levels were quantified on the basis of standard
curves and normalized to the housekeeping gene,
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), as an
internal control.
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